Studies of Bergmann's rule may encompass a non-random subsample of extant homeotherms. We examined patterns of correlation between skull length and geographical latitude in 44 species of carnivores in order to test the validity of Bergmann's rule in the Carnivora. Results were then compared to those of other studies. Significant positive correlation between skull length and latitude was found in 50% of carnivore species, while significant negative correlation was found in only 11% of species. These results indicate that the occurrence of Bergmann's rule in the Carnivora is less frequent than earlier published data suggest. Publication bias is not detected in published data. Therefore, previous studies of geographical size variation might be biased in favour of species known to follow Bergmann's rule.
INTRODUCTION
Bergmann's rule states that, within warm-blooded vertebrate species, individuals in races from colder climates or higher latitudes are generally larger than those from races living in warmer regions or lower latitudes (Rensch, 1938; Blackburn, Gaston & Loder, 1999) . Recent reviews (Ashton, Tracy & de Queiroz, 2000; Ashton, 2002; Meiri & Dayan, 2003) have confirmed that the rule is a valid empirical generalization for both birds and mammals.
Published data suggest that some 65% of all mammal species follow Bergmann's rule and that the tendency to conform to it increases with body size (Meiri & Dayan, 2003) . However, sampling effort was not random in relation to either taxonomy or size: for example, only about 1/3 of the mammalian species sampled were rodents, and only 5% were marsupials, while carnivores were far more frequently represented relative to their proportion among mammals (see below). This raises the question of whether the published data accurately reflect a tendency for all mammals to follow the rule. Other biases might prevail in published data and thus influence the validity of the emergent pattern. These biases might be related to the biology of the species concerned: for example, rare species might be under-represented or tropical species might be less frequently analysed than temperate species. Another possible source is publication bias (Simberloff & Boecklen, 1981; Möller & Jennions, 2001) . If geographical size variation is more likely to have been studied in species in which it was supposed a priori to be present, and if studies in which positive results are found are more likely to be submitted (the 'file drawer problem'; Rosenthal, 1979; Iyengar & Greenhouse, 1988; Palmer, 1999) or published, then observed percentages of compliance to Bergmann's rule probably exceed the actual ones.
Carnivores often have wide geographical ranges and frequently show marked geographical size variation. This is why geographical variation in size of members of the Carnivora has been relatively frequently studied (Klein, 1986; Dayan et al., 1991) . We have recently compiled a large database of carnivore cranial measurements in order to compare sizes of mainland and insular populations (Meiri et al., 2004) . This database provides a unique opportunity for an unbiased analy-sis of latitudinal clines, as it consists of species chosen mainly on the basis of their existence on insular habitats or on mainlands nearest to islands, and not for analysis of continental size variation. Our purpose here is therefore twofold: to conduct an unbiased analysis of the prevalence of Bergmann's rule in the Carnivora and to compare the results to those of published studies. Bias in published material can result from non-random sampling and submission (Rosenthal, 1979; Palmer, 1999) but also from publication bias. The latter can take two opposing forms: negative results may be less likely to be published, but on the other hand a result negating common knowledge may actually be favoured for publication as it is novel and interesting (Möller & Jennions, 2001) . We therefore aimed to determine the sources of bias in published data.
METHODS BERGMANN'S RULE
In order to analyse carnivore body-size variation in relation to latitude, we measured skulls in the following collections: Natural History Museum, London; Zoology Museum of Cambridge University; Sebastian Payne collection; Harrison Zoological Museum; Muséum National d'Histoire Naturelle, Paris; Laboratoire d'Anatomie comparée, Paris; Museu de Zoologia, Barcelona; Museo Nacional de Ciencias Naturales, Madrid; Institut Royal des Sciences Naturelles de Belgique; National Museum of Natural History 'Naturalis', Leiden; University of Amsterdam, Zoological Museum; Muséum d'Histoire Naturelle de la Ville de Genève; Museo Civico di Storia Naturale 'Giacomo Doria', Genoa; National Wildlife Institute, Bologna; Zoologische Staatsamlung, München; Museum für Naturkunde, Humboldt Universität zu Berlin; Staatliche Naturhistorische Sammlungen, Dresden; Zoological Museum University of Copenhagen; National Museum of Natural History at Tel Aviv University; Raffles Museum of Biodiversity Research; National Science Museum, Tokyo; University of Alaska Fairbanks, Museum of Natural History; Royal British Columbia Museum; Royal Ontario Museum; Canadian Museum of Nature; the Field Museum; Carnegie Museum of Natural History; National Museum of Natural History -Smithsonian Institution; American Museum of Natural History; Museum of Comparative Zoology, Harvard University.
Measurements were taken using digital calipers to 0.01-mm precision or vernier calipers to 0.02-mm precision (for measurements exceeding 300 mm). We used condylobasal length (CBL; Von den Driesch, 1976) as an index for body size. CBL is a common measure of body size in biogeographical research (see, for example: Rausch, 1963; Ralls & Harvey, 1985; Ellison et al., 1993; Lynch et al., 1996; Quin, Smith & Norton, 1996; Jones, 1997) . Only wild adult specimens (in which there is complete suture closure) were used. As insular mammals diverge markedly in size from their mainland counterparts (Foster, 1964; Case, 1978; Heaney, 1978; Lomolino, 1985; in press), we analysed only mainland specimens. We recorded sex and location data for each specimen. We followed the taxonomy of Nowak (1999) for carnivores. We used only specimens for which reasonably accurate locality data were available (with an error of <2∞ latitude, although for the vast majority of specimens latitude was known with much greater accuracy). Latitude is correlated with many factors that have been interpreted as selective forces driving Bergmannian size clines (see discussions in Blackburn et al., 1999; Yom-Tov, Benjamini & Kark, 2002; Meiri & Dayan, 2003) , such as actual evapotranspiration (Rosenzweig, 1968) , wet bulb temperatures (James, 1970) , maximum (YomTov, 1993) and minimum (Castro, Myers & Ricklefs, 1992) temperatures, seasonality (Boyce, 1978) , and the duration of the annual productivity pulse (Geist, 1987) . We therefore regressed CBL on the latitude from which the specimens originated, using a Spearman rank correlation test. This test was preferred over the parametric product moment correlation for two reasons. First, homoscedasticity cannot be assumed a priori, because, for example, the presence or absence of a competitor may change the variance of traits in different populations (Van Valen, 1965) . Secondly, while Bergmann's rule predicts that individuals from lower latitudes will be smaller than those from higher latitudes, there is no assumption that the relation is linear. Thus, a ranked test seems better suited to analyse the data (Sokal & Rohlf, 1995) .
We did not analyse specimens originating from both sides of the Equator together. Sexes were analysed separately throughout the analysis. Only species for which we had more than 20 specimens of a given sex were analysed. Species for which either sex showed a significant positive correlation between latitude and size were tallied as obeying Bergmann's rule (see Meiri & Dayan, 2003) -even if the other sex did not (eight cases). If a species was analysed in more than one biogeographical region, and data from the different regions yielded different results (three cases), we considered the species to be obeying the rule.
ANALYSIS OF BIAS
We compared our results to those of other studies concerning the prevalence of Bergmann's rule in carnivores. We did not include species analysed by McNab (1971) , as his method of dividing data for each species into latitudinal bands serves to limit both the sample sizes and the latitudinal range over which a correlation between size and latitude was sought. Such an analysis has low power to detect a Bergmannian size cline, even if such a cline exists (Ashton et al., 2000; Meiri & Dayan, 2003 (Rosenzweig, 1968) .
We tested whether the prevalence of Bergmann's rule in the published literature is affected by publication bias by comparing the impact factors of journals that published papers supporting the rule to those of journals publishing papers in which the rule was not supported. Impact factors are the only available quantitative indication for the perceived importance of a journal. Therefore, if positive results have a better chance of being published (Möller & Jennions, 2001) , the impact factors of journals in which they are published might be higher than those of journals publishing negative results. If, on the other hand, results negating a known phenomenon are more highly regarded by journal editors, then these might be published in high impact-factor journals. Using impact factors to investigate publication bias may be questioned because some studies were not dealing solely, or even mainly, with Bergmann's rule. These studies were reviewed by referees and published on a different basis. Furthermore, impact factors are from 2003, rather than the year of publication (or submission). However, we feel that high impact journals usually stay high, and strong bias will be detected by such a test. We used impact factors as presented in the 'Web of Science -ISI journal citation reports' database of January 2003 and tested for publication bias in studies of Bergmann's rule. We did not use data published in books, dissertations or in journals that do not have an impact factor in the database. These comprised seven of the 37 studies cited in this table. We did not use the impact factors of journals publishing reviews (Dayan et al., 1991; Ashton et al., 2000; Meiri & Dayan, 2003) ; we chose to include McNab's (1971) paper, counting it as evidence against the prevalence of Bergmann's rule (as here we are interested in which studies are chosen for publication rather than in the methods of different studies). We did not include the work of Fuentes & Jaksic (1979) in this analysis, as they found one species to conform to the rule and the other to vary in the opposite direction. Inclusion of this study as either supporting the rule or negating it does not change the significance of the results. We tallied papers (rather than species as that would have resulted in some studies being overrepresented and others underrepresented) as either supporting the rule (most species analysed showing the expected trend) or opposing it. Each paper was given the impact factor of the journal in which it was published. We then compared the two groups using a Mann-Whitney U-test.
RESULTS

BERGMANN'S RULE
Results of the correlation of CBL and latitude are given in Table 1 . Under the criteria outlined above, 22 species obey Bergmann's rule and 22 do not. Mustela erminea L. shows a significant positive correlation with latitude in the Nearctic region and a negative one (for males only) in the Palaearctic, while Canis lupus shows a significant positive correlation with latitude in the Palaearctic region but not in the Nearctic. Five species (M. erminea included) show a significant negative correlation of CBL and latitude.
Our data suggest that Bergmann's rule might be invalid in the Carnivora. Interestingly, though, of the 45 significant correlations in Table 1 , 37 representing 22 species are positive, and only eight correlations representing five species are negative; 42 correlations representing 29 species are insignificant. Thus the number of positive correlations between size and latitude exceeds the number of negative ones (both sexes and all populations: G-test for goodness-of-fit, applying Williams' correction, corrected G = 11.09, P < 0.001; species: corrected G = 5.92, P < 0.05). So although for our whole sample Bergmann's rule cannot be said to be supported more often than not, when there is a pattern it is usually in the direction predicted by Bergmann's rule. There was no difference between the number of insignificant negative and positive correlations (21 negative, 21 positive).
PUBLISHED DATA AND ANALYSIS OF BIAS
We obtained published data on the prevalence of Bergmann's rule in carnivores for 46 species (Table 2) . When we use the criteria outlined above, 34 species follow Bergmann's rule, while 12 do not. We measured 23 of these 46 species. On average, our samples contain a lower number of specimens than do other studies in which sample sizes were reported, for both sexes (Wilcoxon matched pairs test, females: n = 20 studies, z = 2.93, P = 0.003; males: n = 27 studies, z = 3.87, P = 0.0001). Our samples contain similar numbers of specimens to the numbers of specimens used in studies that did not separate the sexes (n = 7 studies, z = 1.18, P = 0.237). In terms of geographical spread of data, however, our specimens were, on average, sampled over wider geographical ranges than those reported in other carnivore studies (Wilcoxon matched pairs test, n = 24, z = 2.81, P = 0.005). Next, using both our data and those obtained from the literature, we noted which species follow the rule and which do not, after first separating the carnivore species into four groups: species we did not analyse, species we analysed but others did not, species for which our results support those of previous studies, and species for which our results are opposite to those obtained in other studies. We then counted how many species in each category obey the rule and how many do not (Table 3) .
In order to decide whether the ten species for which our analyses differed from those of previous studies follow Bergmann's rule, we compared the geographical range over which the different analyses were performed and compared sample sizes where ranges were similar. According to these criteria our results (Table 1) should be preferred for Canis aureus L., C. latrans Say, Martes pennanti (Erxleben), Procyon lotor (L.) and Pseudalopex griseus (Gray; and see Fuentes & Jaksic 1979) . The results of other studies should be preferred for Felis rufus (Schreber, for which our results for females suggest a positive correlation), Martes foina (Erxleben; also see Dayan et al., 1989a , for temporal variation in M. foina), Mephitis mephitis (Schreber) and Mustela frenata Lichtenstein (for which our specimens cover a wider range than that covered by other studies but with a much smaller sample and with only females showing a cline) ( Rausch (1963) , who distinguished between populations from east and west of the Rocky Mountains. This distinction bears heavily on bear body size, because western populations have access to salmon, while eastern ones do not. The availability or unavailability of salmon is thought to be a major factor influencing brown bear body size (Hilderbrand et al., 1999) . Another factor in our decision to Rosenzweig (1968) , Davis (1977 Davis ( , 1981 , Dayan et al. (1989b ), Cavallini (1995 , Frafjord & Stevy (1998) , Macdonald et al. (1999) Follows Bergmann's rule 1 only in the Palaearctic, 2 only in North America count U. arctos as conforming to the rule is that our data, although based on a very small sample (N = 7 for each sex), suggest it is larger in northern Eurasia than in more southern parts (females, Spearman's r = 0.937, P = 0.002; males, r = 0.714, P = 0.07). The specimens we measured span 30 degrees of latitude (34-64.7∞N for females and 30.33-60.83∞N for males), a range that far exceeds the one looked at by Kojola & Laitala (2001) . Thus, for both North America and Eurasia, studies of this species over a wider range support Bergmann's rule. Therefore, we find that previously published studies 'correctly identified' 32 carnivore species that obey Bergmann's rule and eight that disobey it. By the same criteria our analysis 'correctly identified' 20 carnivore species that obey Bergmann's rule and 19 that disobey it. Thus, a 'consensus database' would recognize 43 species as adhering to Bergmann's rule and 24 as not. The prevalence of Bergmann's rule in the carnivores comprising our sample is significantly lower than in previously published studies. This is true when we compare our entire sample to all published data (G-test for independence, applying Williams' correction, corrected G = 5.43, P < 0.05); when we compare species not analysed by us to those we analysed and other studies did not (corrected G = 13.66, P < 0.001); when we compare the results of all previously published studies to species analysed by us but not in other studies (corrected G = 9.67, P < 0.005); and when we compare the 'correctly identified' species, i.e. subtracting from both our sample or from the published record the species we think were wrongly classified (see the above paragraph). This leaves 32 species that obey the rule vs. 8 in the published literature and 20 vs. 19 in our sample (corrected G = 7.24, P < 0.01).
PUBLICATION BIAS
Comparing impact factors of journals publishing papers supporting Bergmann's rule to those contradicting the rule failed to find significant differences between these groups (Mann-Whitney U-test, n = 29 studies, U = 83.5, P = 0.759).
DISCUSSION
Our results suggest that species included in published studies of geographical variation in size probably represent a biased selection of taxa chosen for study. As our analysis failed to find evidence for publication bias, we suspect that patterns of geographical variation in size are more likely to be studied in cases where it is suspected beforehand that such variation exists. Thus, it can be argued that Bergmann's rule might be an artefact of non-random sampling and submission (Rosenthal, 1979; Iyengar & Greenhouse, 1988; Palmer, 1999) . The Carnivora is one of the mammalian orders in which the percentage of species obeying the rule is highest (Ashton et al., 2000; Meiri & Dayan, 2003) . Our unbiased sample, even using a liberal mode of vote counting, found that only about 50% of carnivore species follow Bergmann's rule. More intensive sampling might prove our results to be overly conservative. Of the 11 species for which our results differed from those of previous studies, seven follow the rule when the study using the larger range is considered (and another, Felis rufus, borders on significance). Our findings that Panthera tigris (L.), for example, does not follow the rule are at odds with common knowledge (see weights in Nowak, 1999) ; this result might simply reflect the fact that we did not obtain specimens of the northern (and largest) subspecies, P. tigris altaica.
Nevertheless, our finding that less than 50% of carnivore species adhere to Bergmann's rule suggests its validity in the Mammalia might be questioned. We obtained many more significant positive correlations between size and latitude than negative ones. So, carnivores that do vary in size with latitude do so according to Bergmann's rule. How- ever, Meiri & Dayan (2003) have argued that species with a wide geographical range that show no size cline across their range clearly negate the predictions of Bergmann's rule. The question of whether over 50% of carnivore species follow the rule seems an open one. The number of carnivore species studied is larger than that of any other mammalian order. The 67 species studied comprise some 27% of the species in the order (244 species of wild carnivores are recognized by Nowak, 1999) , making it one of the best-studied in this respect. In fact, carnivores now comprise some 38% of all mammalian species studied (adding our results to those of Meiri & Dayan, 2003) , although the order contains only 5% of mammalian species (Nowak, 1999) . Of the carnivore species not analysed to date, some 15-30 are either exceedingly rare or known from very few specimens, four are either extinct or extinct in the wild, 27 are insular endemics (Nowak, 1999) , and as many as 45 others may be considered to have restricted geographical ranges to the extent that latitudinal size clines in them might not be expected. Any question regarding the prevalence of Bergmann's rule in the order, and indeed in any taxon, is bound to encounter such conditions. The 50% rule is therefore hard to test, as the null hypothesis is not an easy one to raise -if species are excluded on the basis of the above criteria, it can be argued that only 60-70% of carnivore species should be analysed at all. As carnivores are comparatively very well known mammals, the proportion of species worthy of study in this respect in other major mammalian orders may be lower still. Be that as it may, two things seem clear: positive correlations between size and latitude are relatively common among carnivores (much more so than negative correlations), but biased sampling has made this phenomenon appear more common than it is.
